raoyi@thalamus.wustl.edu the transforming growth factor-,B (TGF-I) families (1-4). Blockade of fibroblast growth factor signaling in the embryo by a dominant negative form of fibroblast growth factor receptor leads to the loss of posterior mesoderm (2), indicating the significance of fibroblast growth factor signaling in mesoderm induction. Experiments with a dominant negative form of the activin receptor suggest that molecules with activin-like activities function in Xenopus mesoderm formation (4). In the mouse, elimination of genes involved in the activin pathway has not resulted in defects in mesoderm induction (5), lending support to the suggestion that other molecules, either of the TGF-,3 family or of an unidentified family, may be involved in mesoderm induction.
the transforming growth factor-,B (TGF-I) families (1) (2) (3) (4) . Blockade of fibroblast growth factor signaling in the embryo by a dominant negative form of fibroblast growth factor receptor leads to the loss of posterior mesoderm (2) , indicating the significance of fibroblast growth factor signaling in mesoderm induction. Experiments with a dominant negative form of the activin receptor suggest that molecules with activin-like activities function in Xenopus mesoderm formation (4) . In the mouse, elimination of genes involved in the activin pathway has not resulted in defects in mesoderm induction (5) , lending support to the suggestion that other molecules, either of the TGF-,3 family or of an unidentified family, may be involved in mesoderm induction.
We report here the mesoderm-inducing activity of a protein encoded by lunatic Fringe (lFng), a Xenopus homolog of the Drosophila fringe (fng) gene (6) . Drosophila fng was discovered for its role in wing disc formation (6) . Juxtaposition of fng-expressing and nonexpressing cells is required for the formation of the dorsal-ventral (D-V) boundary of Drosophila wing discs (6) . The pattern of fng expression is remarkable when compared with those of three other genes encoding signals for wing disc development: fng is in the dorsal half of the wing disc, wingless at the D-V boundary, hedgehog in the posterior half, and decapentaplegic at the anterior-posterior boundary (6, 7) . The fact that these three genes have all been found to have vertebrate homologs functioning in cellular communication important for embryonic patterning makes it interesting to identify vertebrate fng homologs and study their functional roles.
To identify Xenopus fng genes, we used the polymerase chain reaction (PCR) and 
FNG ALTLKMLPIA GGGKFISIGD KIRFPDDVTM GFIIEHLLKV PLTVVDNFHS HLEPMEFIRQ 360 Cons. *L*LKM*P*A * G F *** K*R*PDD*T G*I E L * *FHS HLE * low-stringency hybridization techniques sophila FNG protein (Fig. ID) . Both lFng (8) . Complementary DNAs encoding two and rFng have signal sequences at their full-length Xenopus Fng proteins, desig-NH2-termini. The sequences in the NH2-nated lunatic Fringe and radical Fringe terminal portion are divergent among the (IFng and rFng), were isolated ( Fig. 1 , A three proteins, whereas those in the and B). The predicted products of the COOH-terminal region are highly conXenopus fng genes are similar to the Dro-served (Fig. 1D ). There is a tetrabasic site Fig. 1D ).
To test whether the IFng product is a secreted protein, we first used the rabbit reticulocyte lysate in vitro translation systetn (9) (Fig. 2A) . The IFng precursor protein entered the secretory pathway ( Fig. 2A, lanes 3 to 5) as evidenced by its glycosylation, but was not proteolytically processed in this cell-free system ( Fig.  2A) . This result suggests that processing of the IFng precursor protein requires specific components and could thus be subject to regulation in the embryo, as was proposed for another Xenopus embryonic inducer, (Fig. 3A) . Whole-mount in situ hybridization was also used to examine the pattern of IFng expression (11) (Fig. 3 , C to K). The apparent concentration of lFng messenger RNA in the animal hemisphere of late blastula and gastrula embryos (Fig. 3C) is likely the result of difficulty in staining the vegetal pole, because lFng messenger RNA could be detected in dissected animal, marginal, and vegetal regions (Fig. 3B) . lFng messenger RNA was later expressed in the neural tube (Fig. 3, D and E) , in the medial, intermediate, and later neurons (Fig. 3H) . Expression of lFng in the eyes was detectable in stage 25 embryos (Fig. 3F ) and persisted until stage 28 (Fig. 3G) . At stage 35, IFng expression was no longer in the eyes but appeared in the otic vesicles (Fig.  3, I to K). Thus, the pattern of IFng expression suggests that it may have multiple functions during embryogenesis. Expression of lFng in blastula and gastrula suggests a possible role of lFng in mesoderm development, whereas expression in the neural tube suggests that lFng may function in neural development.
We studied the function of lFng protein with the animal cap assay, which is a standard test for mesodermal and neural induction. Explants of the animal region, or the animal caps, were isolated at a blastula stage and incubated with a putative inducing factor. These animal caps were then cultured to appropriate stages for histological examination or RNA extraction (13). We first tested for possible inducing activity of conditioned media collected from COS cells transfected either with a IFng-expressing plasmid or with a vector plasmid. lFng-conditioned medium, but not control medium, induced expression of muscle-specific actin, a marker for mesoderm induction (Fig. 4 , A to C). We then used the animal cap assays to test lFng protein purified from the conditioned medium (13). It was also active in mesoderm induction as shown by elongation of the animal caps (Fig. 4, D to F) and by histological examinations of sections of lFng-treated animal caps (Fig. 4, G to I). Conditioned medium from rFngtransfected COS cells did not have mesoderm-inducing activity (12).
To further characterize mesodermal tissues induced by lFng, we assayed for the expression of specific molecular markers in animal caps treated with lFng protein Fig. 4 at stage 12 in response to lFng (6 ng/ml) protein.
E c--Xbra is a general mesoderm marker, Xwnt-8 a . (-6 ng/ml) (14) . At stage 12, the general mesoderm marker Xbra and the ventrallateral mesoderm marker Xwnt-8 were induced (Fig. 5A) . The dorsal mesoderm marker noggin was not induced (Fig. 5A) . At stage 35, muscle-specific actin, a ventral mesoderm marker globin, and a posterior neural marker XlHbox6 were expressed in IFng-treated caps (Fig. 5B) . The midbrain-hindbrain junction marker En-2 was not induced by IFng at this concentration (Fig. 5B) . Expression of the general neural marker NCAM was also detected in animal caps treated with IFng (Fig. 5B) .
The relation of IFng with previously known mesoderm inducers is not clear, although functional interactions have been observed between IFng and fibroblast growth factor-basic (bFGF) (Fig. 5B) In the case of rFng, the amino acid sequence shown in Fig. 1 , B and D, is likely to be the product of an altematively spliced form. At the COOH-terminus of the sequence shown, a stop codon is introduced by a sequence of 67 nucleotides that fits the consensus of an intron. If this intron is spliced out, a sequence encoding FKSVHCLLYSDTDWCPNHKHNPTT (16) will be added to the COOH-terminus. Low-stringency hybridization was carried out with 30% formamide, 8x standard saline citrate (SSC), 5x Denhardt's solution, 0.5% SDS, and salmon sperm DNA (100 p,g/ml). Fifteen positive plaques were isolated for further screening, and a single plaque went through secondary screening. A cDNA of 2.3 kb was isolated after tertiary screening. It was sequenced and found to encode rFng. In the 3' end of the coding region, this cDNA also contains the intron described above so that it predicts the same product as shown in Fig. 1 
